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Oils from soybeans and catfish by-products were extracted using hexane, propane,
and supercritical carbon dioxide (SCCO2).  Free fatty acids (FFA), peroxide values (PV),
anisidine values (AnV), total oxidation (TOTOX), induction point (IP), iodine values
(IV), and 2-thiobarbituric acid reactive substance (TBARS) were all measured to analyze 
oxidation of these oils.  The extraction yield of propane, hexane, and SCCO2 oils was
80.4, 94.5, and 90%, in respect to total lipid content.  Oils extracted with SCCO2 were
more oxidized than those extracted with propane and hexane; probably due to the higher
temperature and longer extraction time.  The IP correlated with AnV, IV, PV, and 
TBARS for soybean and catfish oils.  These results suggest that IP is the optimum way to
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With the price of oil and gasoline rising, the use of alternative fuels is increasing 
and research pertaining to this subject is becoming more of an interest.  Some of the 
alternative fuels currently studied include methanol, ethanol, compressed natural gas,
liquefied natural gas, straight vegetable oil (SVO), reformulated gasoline and biodiesel.
The cost, shelf life, and availability of materials to be used as alternative fuels are all
important qualities to consider when evaluating a fuel to determine if it can be used more
frequently.    
The original diesel engine design operated with peanut oil (Nitske and Wilson,
1965; Zhang, 2002).  However, using raw vegetable oils in a diesel engine for extended 
periods of time results in severe engine deposits, piston ring sticking, and clogs in the 
injector.  All of the properties of SVO are similar to petroleum diesel fuel with the 
exception of viscosity, which is 11 to 17 times higher than that of diesel fuel (Monyem,
1998).  High viscosity causes poor performance of the fuel in the diesel engine and 
ultimately results in operational problems, such as engine deposits (Knothe, 2002).  In
order for SVO to be used as fuels, their viscosities must be decreased.  Common ways to
decrease the viscosity of vegetable oils are dilution with diesel fuel, pyrolysis, mico-




    
    
   
  
     
   
     
   
   
   
    
    
  








 Biodiesels are manufactured from many feedstocks including used/waste cooking oils,
animal fats, straight vegetable oils, or lipids from microorganisms through
transesterification.
The stability of oil is defined as the resistance of oil to chemically or physically
changes (Warner and Eskin, 1995).  Any fuel is considered unstable when it reacts with
oxygen to form deposits, increase acidity, or produce a bad smell (Wedel et al., 2006).
These oxidative changes in oils and biodiesel can lead to engine problems.
 Catfish (Ictalurus punctatus) has the potential to be a source of an animal fat 
feedstock for biodiesel production.  Dagher et al. (2005) reported that catfish and other
animal fats can be obtained in Mississippi with a FFA less than 2% at a cost of $0.068-
0.091/kg. The U. S. produced approximately 129,000 metric tons (285 million lbs) of
catfish in 1990, and Mississippi is the largest producer and processor of farm raised 
channel catfish in the world (Tucker and Robinson, 1990)
Processing catfish yields 55-60% of the total live weight in dressed form.  Other
possible sources of biodiesel feedstocks for catfish are trimmings and offal.  The National
Renderers Association estimates that 41.7 *106 metric tons of animal fats are produced 
annually (Dagher et al., 2005).
The objectives of this research were: to compare oil oxidation tests, to study the 
effect of oil extraction techniques on oil oxidation, and to compare catfish and soybean







   
  
    




   
 
  
   
  




Oxidation at room temperature is autoxidation, which is self-sustaining oxidation
which may continue exposure to the oxidizing agent (Warner and Eskin, 1995).
Although the reaction of oxygen and unsaturated fatty acids is thermodynamically
difficult, radicals can be produced catalytically to begin the process of oxidation is then
started (Naz et al., 2005).  Oxygen can attach to the carbon that is immediately adjacent
to double bonded carbons (β carbon).  The more unsaturated a lipid is the more
susceptible it is to oxidation (Sherwin, 1978; Moerch and Ball, 1974).  Oxidative attack 
can cause the formation of short chained aldehydes, ketones, or carboxylic acids,
otherwise called secondary oxidized products.  (Gotoh et al., 2006).  These short chained 
acids could cause odor problems or attach to each other and form polymers, which would 
increase the viscosity of the fuel and lead to engine problems (Monyem, 1998).  The 
oxidative stability of oils can be easily tested with a Rancimat® 743 (Metrohm, Herisau,
Switzerland). The Rancimat® helps determine the period (IP), using the usually with
10L/h air at 110ºC (Falk and Meyer-Pittroff, 2004).  Temperature has a large effect on the 




    
   
  
       
   
 
  
                      
  
 
    
 
    
  
   
 
 
   
     




Lipid oxidation may be catalyzed by metals, enzymes, salts, moisture, or light
(Nguessan, 1992).  Sunlight has negative effects on virgin oil, with no additives (Prankl
and Schindlbauer, 1998). The European Committee for standardization has established a 
minimum limit of six h for the IP, as determined by an oxidative stability instrument (i.e.
Rancimat) (Lacoste and Lagardere, 2003). Several researchers have reported that the PV 
increased rapidly during lipid oxidation and then leveled off or even declined after a 
maximum PV was reached (Lacoste and Lagardere, 2003; Bondioli et al., 2003; Monyem
et al., 2000; Monyem 1998; Miyashita et al., 1988).
Fatty Acid Profiles
The common way to analyze fats and oils is to analyze the fatty acid profile. The
fatty acid composition of crude soybean oil as around 11.2% C16, 4.6% C18, 22.8%
C18:1 (cis), 54.5 % C18:2, and 7% C18:3 (Ferrari et al., 2005; Knothe, 2002). Catfish fat
is composed of 20-22% palmitic (C16:0), 50-52% oleic (C18:1 n9), and 11-12% linolenic
(C18:2 n6) acids (Labuza, 1971; Worthington et al., 1972).
Antioxidants
Oxidation of oils is delayed by using natural and synthetic antioxidants.  The most
common natural antioxidants found in oils are α, β, γ, and δ tocopherols.  Several sources
report that tocopherols increase the IP of oils (Pongracz et al., 1995; Huang et al., 1995;
Wagner and Elmadfa, 2000).  Wagner and Elmadfa (2000) studied the effect of
tocopherols on the oxidative stability of different oils and concluded that one g of γ -
 
  
   
  
   
   
      
   
 
 
     
   
     
   
 
     
   
     
 
  
   
   
 
5 
tocopherol/kg oil doubled the stability of olive oil.  Wagner and Elmadfa (2000) also
found that mixtures of γ and δ-tocopherol further increased the stability of olive oil, up to
269% when compared to the control.  Finally, Wagner and Elmadfa (2000) added that by
using α-tocopherol resulted in no significant change in the IP, but mixing α and δ-
tocopherol increased the antioxidant effects on IP.  Schober and Mittelbach (2004)
reported that the addition of most antioxidants did not significantly affect the density or
viscosity of vegetable oils.
Oil Removal Methods
There are many methods that can be utilized to extract oil from plants.  Ground
seeds and nuts can be hydraulically pressed until the oil can be removed.  Although this
process is more efficient than manual pressing, it is possible to contaminate the vegetable 
oil with hydraulic oil.  Also, hydraulic pressing requires soft seeds (Lawson, 1985).
Other forms of pressing, such as mechanical screws, expellers, or ghani (animal powered 
crusher) can be used to extract oil from hard seeds (Lawson, 1985).  After extraction, the 
vegetable oil must be clarified either by boiling, or settling.  Enzymes can also be used to
extract the oils from seeds (Warner and Eskin, 1995).
Solvent Extraction 
The most effective methods of extraction use solvents to remove the oil from the 
feedstock.  Hexane is the most popular solvent that is used to extract soybean and 
cottonseed oils (Lawson, 1985).  Hexane extraction involves mixing hexane with the pre-
pressed or pre-grinded seed.  Higher temperatures and longer retention times can be used 
 
   
  




   
 
 
       
   
   
     
   
 
     
  
 
   
  
 
      
6 
to increase the yield of extraction.  After solvent and oil are recovered, the solvent can be
removed by evaporation or distillation.  An example of the extraction of soybean oil
using hexane is described below (Hyde, 2006).  Solvent extraction of oil seeds can be
performed by equipment through either percolation or immersion.  Percolation extractors
are more efficient than immersion extractors because they are able to handle large 
capacities of product in limited space. One commonly used percolation extractor is the 
rotary extractor (Erickson et al., 1980).
During extraction, hexane is pumped over a bed of soy flakes.  Particle size is a 
factor in oil removal efficiency.  The solvent phase is then pumped counter-currently to
the flow of the soybean flakes. Counter flow is very important to solvent extraction as it
helps to remove oil more efficiently than parallel flow systems. The solvent phase
becomes richer as the oil is extracted from the soybean flakes.  The extracted flakes
contain about 35% hexane, 7% to 8% water and 0.5% to 1.0% oil. At the end of the 
extraction cycle, the drained flakes are dropped into the discharge hopper.  Typically
flakes are sold as animal feed after all of the solvent is removed.  The solvent phase 
leaving the extractor contains about 20% oil for soybean extractions. After filtration is
performed to remove suspended particles, the solvent is reclaimed through a series of
evaporators, or vacuum evaporators. The first stage evaporator yields 65-78% oil. The 
second stage evaporator yields 90-95% oil. Solvent vapors from both evaporators are
recovered through condensers and recycled back to the extractor. Removal of the final
solvent is usually accomplished through an oil stripper.  The oil stripper consists of a 
steel cylindrical vacuum column in which live steam flows upward counter-current to the 
 
   
   
   
 
   
 
     








   





   
7 
flow of oil. The oil, free from extraction solvent, is cooled to ambient temperature (25ºC)
and pumped to storage for further processing or to be sold as crude oil (Mounts and Pryde,
1983; Scott, 1991).
Supercritical Extraction 
The critical point is defined as the point where a gas and liquid have the same
densities and are indistinguishable.  This occurs normally at very high pressures, and 
moderate-high temperatures. The critical point of CO2 is 31.1ºC and 7.3 MPa (72.5 atm)
(Sandler, 1999).  A picture of the phase diagram for CO2 is shown in Figure 1.  A general
picture of the supercritical extraction procedure as described by Mansoori (2006) is
shown in Figure 2.  Some of the advantages of using supercritical extraction include the 
replacement of organic solvents with a supercritical fluid, adjustable extraction
parameters, no solvent residuals, no disposal problems, and the inexpensive cost of
supercritical material.  Supercritical carbon dioxide (SCCO2) extraction can overcome the 
negative aspects that occur during solvent extraction, such as thermodegradation and 
solute contamination with solvent residues, problems that affect the final extract quality.
Carbon dioxide is a non-toxic solvent and can easily and completely be removed from
products; moreover it is non-corrosive, non-flammable and readily available in large 
quantities with high purity (Danielski et al., 2004).  Arajo (2000) reported that using 
SCCO2 extractions at 25 MPa and 50 ºC and 30 MPa and 45 ºC gave a higher amount of
oleic acid extracted from pupunha oil than that in the extract obtained with hexane.
Batch supercritical fluid extraction of rice bran with CO2 at 10-40 MPa (100 to 400 bar),
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Timelli (2001) reported that flax oil could be extracted using SCCO2 (1 L/min CO2) 
for three hours at 70oC, 35.96 MPa.  Oil yield was 87.6% of the yield that was
obtained from soxhlet extraction. Vaquero et al. (2006) reported a yield of 90-100%
of fat extracted from pork skins after four h of extraction at 40ºC and 35 MPa using 
SCCO2. 
Radical Oxidation of Fats and Oils
As oils become oxidized, hydroperoxide radicals are formed from the 
breakage of double bonds.  Peroxides will react in a radical fashion, in a three-step 
process.  These three steps are:
1.  Initiation is the initial step where lipids are converted to an unstable fatty acid.
The activation energy is 8.3-15.5 kJ/mol (Labuza, 1971).
2.  Propagation is when free radicals are converted to hydroperoxide radicals in the 
presence of oxygen.  These hydroperoxide radicals are responsible for producing 
many molecules of varying molecular weights (Fennema, 1985).
3.  Termination is when the free radicals are destroyed by forming volatile
compounds, which may give a rancid odor (Sherwin, 1978).
The radical oxidation of fats and oils is important since oxidized lipids are 
likely to become rancid.  The oxidation reaction starts with a radical which may be 
photo-chemically generated removing an allylic hydrogen from an unsaturated alkene.
The allylic position is adjacent to an alkene function and is susceptible to removal of
hydrogen because the allylic radical is very stable.  The allylic radical couples with




   
    
    
    
     
   
   
       




   
        
   
    
      
  
  
     
11 
from a neighboring hydrocarbon to form the hydroperoxide hich propagates the chain
reaction.  The hydroperoxide compound is able to decompose to many products,
including aldehydes and ketones. When this occurs the fat or oil has a rancid off-
flavor (Sherwin, 1978).  Agreeing in the general mechanism, Monyem (1998)
reported that vegetable oils become rancid through autoxidation in which free radicals
react with methylene groups (CH2) that are adjacent to double bonds.  The result of
these oxygen radicals attacking the oil is usually secondary oxidized products, short
chained aldehydes and ketones.  An illustration oxygen radicals attacking lipids is
according to Monyem (1998) shown in Figure 3. It is well understood that
temperature will control the rate of oxidation, and as temperature is increased, the rate
of oxidation will also increase (Silva, 1991; Monyem, 1998).
Peroxide Value (PV)
The official AOAC method 41.1.16 (AOAC, 1995) measures the ability of
hydroperoxide radicals to free iodine from KI, or to iodize ferrous and ferric ions
(Fennema, 1985; Nugussen, 1992).  However, the accuracy of this method is
questionable since the PV is highly dependent on temperature (Silva, 1991). Two
sources of error can come from this method: one is the absorption of iodine at
unsaturated bonds, and two is the liberation of iodine from KI that is caused by the 
presence of oxygen absorbed in the oil (Warner and Eskin, 1995).  The presence of

























































   
      
   
 
  
   
     
   
  
   
   
     
   
   
  
   
    
  
  
      
13 
hydroperoxides are an sign of chemical changes that are more permanent.  Since the 
hydroperoxide radical attack on lipids in a radical reaction, a low PV does not mean an
oil is not already rancid and already gone through the termination stage. The PV will
increase rapidly and then level off or even decline after a maximum value is reached 
(Monyem et al., 2000; Monyem 1998).  Newly refined oil should have a PV less than one 
meq/kg (Warner and Eskin, 1995).
2-Thiobarbituric Acid Reactive Substance (TBARS) 
TBARS is the most widely used test for measuring the extent of oxidation in
muscle foods (Silva, 1991; Nguessan, 1992).  Many researchers have used the TBARS 
method as described by Sinhuber and Yu (1958) and Tarladgis et al. (1960) to test the 
TBARS in muscle foods; however no report has been found using the this TBARS 
method to test vegetable oils (Silva, 1986; Silva, 1991; Danviriyakul, 1996; Nguessan,
1992; Silva and Ammerman, 1993).  TBARS will decrease over very long storage times
(>eight mo) after a maximum value has been achieved (Silva and Ammerman, 1993).
The TBARS method reports lipid oxidation in mg malonaldehyde/kg sample.  TBARS
measures secondary oxidation products.  Although many alkanals, alkenals, and 2, 4-
dienals react with the TBARS reagent to form yellow pigments, only the dienals produce 
the red-pink pigment which is measured at 538 nm (Fennema, 1985).  Although widely
accepted, a few factors can lead to inaccurate readings in the TBARS value, which
include nitrites reacting with the malonaldehyde or color interference by aldehydes,
nitrites, and sucrose (Melton, 1983; Silva, 1991). As with PV, a low TBARS value is not 
an absolute indicator of oil quality, because aldehydes may have not yet formed or
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volatile aldehydes may have been lost during processing and storage (Warner and Eskin,
1995). 
Iodine Value (IV)
The degree of unsaturation of an oil and methyl ester is measured with the IV.
Knothe and Dunn (2003) studied many different oils, with different IVs, and oxidative 
stabilites.  After many tests, Knothe and Dunn (2003) concluded that the IV did not 
correlate well with oxidative stability.  Some European standards have a maximum iodine 
value of 115-135 (Knothe, 2002).  A B10 fuel with an IV of 100-140 ran in a diesel
engine for 250 h with no problems (Prankl and Wrgetter, 1995; Prankl and Wrgetter,
1996; Prankl et al., 1999).  The IV measures the amount of double bonds by allowing 
each double bond to bind two iodine atoms (Nguessan, 1992).  Completely saturated fat
will have an IV of zero, where as highly unsaturated oils, such as linseed oil, will have an
IV of 175-202 (Church and Pond, 1982).  Prankl et al. (1999) reported that a fuel made 
from 30% unsaturated oils could be used in a diesel engine with no significant engine 
deposits.  The IV only measures the amount of double bonds and not the nature or
location of double bonds.  After extensive study of the IV, Knothe (2002) suggested 
measuring the bis-allylic position equivalents and the allylic position equivalents to 
accurately judge oil stability.
Anisidine Value (AnV)
When hydroperoxides break down they produce volatile aldehydes leaving behind 




    
    
      
   





    
   
  
    
   
     




   
     
15 
non-volatile reaction product can be measured by reaction with p-anisidine (p-
methoxyaniline). High AnV may be an indication that a fat has been oxidized, even when
TBARS and other aldehydes tests give low values. This is because volatile aldehydes
may be removed during processing (Gotoh et al., 2006). The AnV, which mainly
measures 2-alkenals (hexanal and pentanal), is determined using AOCS method Cd 12-90
(AOCS, 1997).  The anisidine reacts with α and β aldehydes and can be detected at 350 
nm (Warner and Eskin, 1995).  Monyem (1998) stated that the attack oxygen radicals on
oil cause the formation of short chained aldehydes and ketones, secondary oxidized 
products.
Oxidative Stability Instrument (OSI) 
Many groups have used the Rancimat® to evaluate the oxidative stability of oil
and methyl esters (Bondioli et al., 2002; Prankl and Schindlbauer, 1998, Bondioli et al., 
2003; Bondioli et al., 2004; Lacoste and Lagardere, 2003; Ferari et al., 2005).  All
researchers report the same general operating procedure; cleanliness is the most
important factor for repeatable results (Ferari et al., 2005).  The spoilage of vegetable oils
and animal fats, which can be detected from alterations in odor and taste, results from the 
chemical changes caused by the effects of atmospheric oxygen.  These oxidation
processes which take place slowly at ambient temperatures are known as the autoxidation
of oils.  The operating procedure of the Rancimat® involves exposing a sample to a
stream of air from 7-25 L/hr at temperatures from 50-220 °C. The volatile oxidation
products (mainly formic and acetic acid) are transferred to the measuring vessel by air
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and absorbed in distilled water.  The conductivity of this water solution is recorded 
continuously, and an oxidation curve is obtained.  The IP is calculated as the intersection
of the two tangent lines (first derivative) (Brinkmann, 2006).  The IP provides a good
estimate value of oxidation stability.  The Rancimat® method was developed as an
automated version of the extremely time-consuming and complicated active oxygen
method (AOM) for determining the induction time of fats and oils (Brinkmann, 2006).
The AOM method measures the time it takes to reach a PV of 100 at 97.8ºC with a 
specific amount of air bubbling through the oil (Lawson, 1985).  Over the course of time
the Rancimat® and its operation has been established as a standard (AOCS Cd12b-98)
for testing the IP of oils and biodiesels (Monyem 1998; Bondioli et al., 2002; Prankl and 
Schindlbauer, 1998, Bondioli et al., 2003; Bondioli et al., 2004; Lacoste and Lagardere,
2003; Schober and Mittlebach 2004; Duplessis et al., 1985).  Only one reference, Lacoste
and Lagardere (2003), reported an inconsistency in testing.  Lacoste and Lagardere 
(2003) reported that the Rancimat® gave an overestimated IP of 10% based on PV.
Catfish as a Source of Oil
In general 60-62 % of the live weight of catfish can be dressed.  This leaves 27%,
7%, and 4% for the head, viscera, and skin, respectively (Silva and Ammerman, 1993;
Lee, 1981).  It is clear that the production of farm raised catfish has constantly increased 
over the past few years. In the annual production of catfish has grown from 87, 000 
metric tons in 1985 to 306, 000 metric tons in 2005 (USDA, 2006).  With the catfish






   
    
  
  
    
  
    
    
   
  
   
   
 
    
17 
during processing.  Farm-raised catfish processed totaled 25,500 metric tons (56.3 million
pounds) in one month, March 2006 (NASS, 2006).  Of the 25,500 metric tons processed,
in March 2006, 13,100 metric tons (29.4 million pounds) of processed fish were sold 
(NASS, 2006).  According to Drake (1971) the skin of catfish has 5.7 % fat.  Beuchat et
al. (1975) reported that catfish flesh has 20-30% fat on a wet basis.  Sathivel et al. 
(2003b) extracted 25.8% oil, on a dry weight basis, from whole catfish viscera using 
water at 70ºC for 15 min then centrifuging.  However, Sathivel et al. (2003b) reported the 
overall yield dropped to 20.8% after the oil was purified (which included degumming,
neutralization, bleaching, and deodorization).  Whole catfish viscera have up to 33.6% fat
and 50.1% moisture on a wet basis and can account for 10% of the live weight of catfish
(Sathivel et al., 2003a; Sathivel et al., 2003b).  Since catfish fat contains a higher amount
of unsaturated fatty acids, compared to other animal fats, oxidative rancidity can be a 
problem (Danviriyakul, 1996).  Approximately 300 metric tons (660,000 lbs) of fish oil
per week can be obtained from catfish offal at a market price of $0.045-$0.09/kg and 
could be produced from Mississippi alone (Dean et al., 2003).  Silva and Dean (2001)
reported that during the processing of catfish, 47.1% of the total live weight will be 
produced as waste products, and cannot be sold without further processing.  A flow chart
















































   
   
 













Preliminary experiments included screening of different possible feedstock
materials for oil stability testing.  These included commercial (from local grocery store)
soybean, peanut, canola, and corn oils, catfish fat waste (Americas Catch, Itta Bena, MS), 
pork skin fat, poultry fat (Lady Forest Farms, Forest, MS), and commercial, crude
soybean oil (Cargill, Minneapolis, MN).  Catfish oil was obtained from Consolidated 
Catfish Companies (Country Select Catfish Isola, MS) and stored at room temperature in
a dark cabinet until use.
For extraction experiments, catfish by-product and soybeans were used as
the feedstock source.  Unless otherwise noted, all chemicals and reagents were purchased 
from Fisher Scientific (Fairlawn, NJ).
Ground and deboned catfish offal was received from Country Select (Isola, MS)
and stored in the freezer (-20±1ºC) until use.  The sample was freeze dried (Freeze 
Mobile® 12 ES, VirTis, Gardner, NY).  The catfish was first frozen to -40±0.5º, and then




















   





was turned off, and lyophilization was performed until the sample reached room
temperature (25ºC; ~ 24-36 h).  Soybeans were received from the MSU/MAFES South
Farm Experimental Research Station (Mississippi Agriculture and Forestry Experiment
Station, Mississippi State, MS) and then ground in a grinder (Nutrimill®, Pleasant Hill
Grain, Aurora, NE) until a fine material was achieved.
Methods
Extraction of Oil
Oil was extracted by three methods:
1.  Propane Extraction
For propane extraction the ground soybeans and catfish were weighed, loaded into
the extraction vessel, and then the vessel was tightened so that no gas could leak out. The 
vessel was then charged with 0.68 MPa (100 psig max) of propane (nexAir, Memphis,
TN) and purged to 0.34±0.05 MPa (50 psig).  The charging and purging was repeated 
three times and then the vessel was charged with 0.68 MPa (100 psig max) of propane for
extraction.  The soybeans and propane were mixed (<5 min) and then the bottom valve 
was opened and the discharge was collected (<5 min).  The liquid propane was allowed to
evaporate in a fume hood at room temperature (25ºC) overnight (~14h) and the soybean
oil was recovered.  A picture of the propane extraction unit is shown in Figure A.1.
2.  Hexane Extraction 
For hexane extraction the ground soybeans were placed in small metal extraction







    
 
  
   
  
    
  
  
   
    
  
    
  
    
   
21 
Dionex, Sunnyvale, CA). Twelve tubes held approximately 12 g of ground soybeans and 
ground, dried catfish each.  The temperature and pressure during extraction were
automatically regulated.  The operating conditions were room temperature (25ºC) and 
10.3 MPa (1500 psig) of N2 (nexAir, Memphis, TN).  After 10 min of retention time, the
extracted oil-hexane mixture was collected.  The hexane was then recovered in a rotary
vacuum evaporator (Rotovapor® Model R-205; Bchi, Flawil, Switzerland) at 40ºC and 
0.032 MPa (330 mbar).  After evaporation was complete (~10-30 min), all oil samples
extracted with hexane were dried by blowing N2 gas (nexAir, Memphis, TN) over the
sample and then placed in a desicator (Drykeeper Dessicator Cabinet®, Sanplatec, Osaka,
Japan) overnight (~14h) to ensure all hexane was removed.  A picture of the ASE 200 
used for extraction and rotary vacuum, R-205, used for hexane recovery are shown in
Figures A.2 and A.3, respectively.
3. Supercritical CO2 Extraction
For super critical carbon dioxide (SCCO2) extraction, all controls of the extractor
(SFE-100, Thar Technologies, Pittsburgh, PA) were operated by computer interface.
First, the extraction and collection vessels were preheated to 40±0.2ºC.  Approximately
50g of ground soybeans and dried, ground catfish was placed in the extraction vessel.
Carbon dioxide (NexAir, Memphis, TN) was passed through a cooling unit (3-5ºC) and
then pumped (P-50, Thar Technologies, Pittsburgh, PA).  The CO2 pump was set to 25
g/min and the back pressure regulator (BPR, Thar Technologies, Pittsburgh, PA) was set
to 34.8 MPa (350 bar).  The extraction was carried out for 30 min by allowing the SCCO2 
and extracted oil to separate in a cyclone separator (0.16 MPa max).  After extraction was
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complete, the system was depressurized to atmospheric pressure, cooled to room
temperature, and the oil was collected.  A picture of the SCCO2 unit used for extraction is
shown in Figure A.4.  All samples were placed in the freezer (-10±2ºC) after extraction,
until analysis (less than one month).
Transesterification
Extracted oil samples were transesterified by first measuring their volume.  The
KOH was weighed and added at the rate one percent oil (v:w) and mixed vigorously with
a volume of methanol equal to 25% the volume of oil (to make potassium methoxide).
The methoxide was then added to the oil and stirred vigorously.  An ultrasonic probe 
(UP400S, Hielscher Ultrasonics, Stuttgart, Germany) was used to complete the 
transesterification.  The frequency of the ultrasonic probe was 24 kHz and the power
output was 400 W.  A picture of the ultrasonic probe used is shown in Figure A.5.  The 
samples were allowed to react under ultrasound energy until a color change was noticed,
while the temperature was monitored with an infrared thermometer (Mini IR Traceable
Thermometer, Fischer Scientific, Fairlawn, NJ). Most reactions were stopped in less than
five minutes and none of the samples were allowed to exceed 65ºC.  After the reaction
was complete, a few drops of concentrated H2SO4 (<0.5 mL) were added to quench the 
reaction, and the glycerol layer were removed using a seperatory funnel.  The resulting 
methyl esters werre washed with distilled water until the washing water was clear.  After




    
 
 
    
   
    
   
  
  











Chemical and Physical Tests
Free Fatty Acids (FFA) were measured according to AOAC method 940.28
(AOAC, 1995) by adding 7.05 g of sample to a beaker. Two milliliters of
phenolphthalein indicator and 50 mL of 100% ethanol (pre-neutralized) were added, and 
the mixture was stirred.  Samples were then titrated with 0.25N NaOH until a pink color
was observed for more than one minute. The FFA was calculated as
FFA (%) = (mL NaOH*Normality)/sample weight. 
Corn, soybean, and peanut oils were placed uncovered in a convection oven at
75±1ºC and each day the peroxide values (PV) were tested. The PV was measured by
AOAC method 965.33 (AOAC, 1995).  Five grams of sample were weighed in a 250 mL
Erlenmeyer flask, and 30 mL of glacial acetic acid and chloroform (3:2 v/v) were added 
and shaken.  One half milliliter of saturated KI solution was added and the solution was
stirred for one min and then 30 mL of distilled water were added. The solution was
titrated with 0.1N (or 0.01N when applicable) sodium thiosulfate until the yellow color
almost disappeared.  One half milliliter of one percent starch (potato starch) indicator was
added and the solution was titrated until the blue color just disappeared. The PV was
calculated as
PV (meq/kg)= mL sodium thiosulfate*Normality.
The anisidine value (AnV) was measured by the AOCS (AOCS, 1997) Cd 18-90 
method.  First, 0.5-4g of sample were added to a 25 mL volumetric flask and diluted to
volume with isooctane.  The absorbance of this solution was measured at 350 nm using a 
spectrophotometer (GENESYS, Spectronic Instruments, Rochester, NY) and recorded as
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Ab.  Exactly five milliliters of oil solution was added to a test tube and exactly one
milliliter of anisidine reagent (0.25g p-anisidine/100mL glacial acetic acid) was then
added and gently shaken.  After exactly 10 min, the absorbance of the reaction was
measured at 350 nm using a spectrophotometer (GENSYS, Spectronic Instruments,
Rochester, NY) and recorded as As.  The AnV was calculated as
AnV (mmol/kg)= [25*(1.2*As-Ab)]/mass sample.
Corn, soybean, and peanut oil were placed uncovered in a convection oven at
75±1ºC and each day the 2-Thiobarbituric Acid Reactive Substance (TBARS) was
measured.  The TBARS was performed according to Sinhuber and Yu (1958) and 
Tarladgis et al. (1960). Ten g of sample were weighed and placed in 600 mL Kjeldahl
flask containing 97.5 mL of distilled water and 2.5 mL of 4N HCl.  A drop of
antifoaming agent A & B and a few glass beads were added.  Samples were distilled and 
50 mL of distillate were collected.  Five milliliters of TBARS reagent (0.02 M
Thiobarbituric acid in 90% acetic acid) and five mL of distillate were added to a test tube
and vortexed.  Tubes were submerged in boiling water for 30 min and then cooled with
ice for 5-10 min.  Optical Density (OD) of the content was measured at 538 nm using a 
spectrophotometer (GENESYS, Spectronic Instruments, Rochester, NY). The TBARS
were calculated as
TBARS (mg malonaldehyde/kg) = OD*7.8.
Iodine Value (IV) was determined using AOAC method 993.2 (AOAC, 1995).
Less than one gram of sample was weighed in a 500 mL Erlenmeyer flask.  Fifteen
milliliteers of cyclohexane and glacial acetic acid (1:1 v:v) was added and mixed.
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Twenty five milliliters of Wijs solution (0.1N ICl in glacial acetic acid) was added and 
swirled.  The solution was then placed in the dark and allowed to react for one or two
hours (pre determined by type of oil sample).  After the reaction time, 20 mL of 15% KI
and 150 mL of distilled water were added and stirred. The solution was titrated with
0.1N sodium thiosulfate until the yellow color almost disappeared.  One milliliter of one
percent starch solution (potato starch) was added and the solution was titrated until the 
blue color just disappeared.  The IV was calculated as
IV (cg I2/g)= (mL titrate*Normality*12.69)/sample wt.
Induction Point (IP) was determined following the AOCS Cd 12b-92 (AOCS,
1995),  according to Bondioli et al. (2002), Prankl and Schindlbauer (1998), Lacoste and 
Lagardere (2003), and Ferari et al. (2005) the IP was determined with a Rancimat® 
(Rancimat® 743, Brinkmann, Westbury, NY).  Air was circulated at 10±0.2 L/hr through
three gram samples at 110±0.2ºC.  A picture of the Rancimat® 743 is shown in Figure 
A.6.  Air was then passed through deionized water and the conductivity of the water was
measured.  The IP was measured with a computer as the intersection of the tangent lines
(first derivative) by the software provided (Brinkmann, 2006).  In order to realize the 
effect of changing the air flow rate during the Rancimat® tests, a preliminary study was
conducted using commercial peanut, soybean, corn, and canola oils.  Also, a preliminary
study of temperature change was conducted on the Rancimat® using catfish oil received 
from a commercial source (Country Select) and unpurified/crude soybean oil (Cargill).
Moisture content was measured by AOAC method 934.01 (AOAC, 1995) by
placing two grams of sample in an aluminum dish.  The sample was then placed in a
 









   
   
   
  
      





   
   
  
26 
vacuum oven at 100±10ºC and less than 13.3 Pa (100 mmHg) for at least five hours. The 
sample was then allowed to cool in a desicator and reweighed.  The % moisture was
calculated as
Moisture (%) = (Wt Before-Wt After)/ Wt Before
Water activity of soybeans and catfish by-product (dried) was measured using a 
water activity meter (Thermocanter®, Novasina, Zrich, Switzerland). Gravimetric
yields were determined by weighing samples before and after extraction.
Fatty Acid Profile
Fatty acid profile was measured using a gas chromatograph-flame ionization
detector (GC-FID) (GC-6890N, Agilent Technologies, Palo Alto, CA).  All methyl ester
samples were diluted to less than 40 mg/10mL of hexane.  All oil samples were
transesterified using an acid catalyzed transesterification according to Christie (2003).
Up to 40 mg of oil were measured and dissolved in one milliliter of hexane.  Two
milliliters of two percent sulfuric acid in methanol was added and the test tube was
vortexed, capped, and placed in the oven overnight at 50±1ºC. The samples were then
removed from the oven and five mL of five percent NaCl was added and vortexed.  Five
milliliters of hexane were added, the solution vortexed, and then the solvent layer was
removed with a Pasteur pipette.  Five more milliliters of hexane were added and the same
procedure was followed.  Four milliliters of two percent potassium bicarbonate was
added and the solution was vortexed.  The solvent layer was then dried over anhydrous
sodium sulfate (>98.5%).
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One mL of transesterified oil was mixed with 0.5mL of two mg/mL
dichlorobenzene (internal standard).  The results were quantified using this internal
standard as a calibration so that the percentage of each fatty acid could be determined.
Statistical Analysis
Data for the oxidation of extracted oil was analyzed using a split plot design with
oil type as the main plot factor and extraction method as the sub plot factor.  Data were
analyzed using the PROC GLM (generalized linear model) procedure in SAS® (SAS,
1989).  Means were separated using Fishers protected least significant difference, LSD 
(α=0.05, α=0.01), and PDIFF (α=0.05, α=0.01) for all treatments combinations in the
design (SAS, 1989).  Also, PROC CORR (SAS, 1989) was used to test any correlations
between the oxidation parameters.  Statistical differences were separated using α=0.05 
and α=0.01, respectively.  PROC REG (SAS, 1989) was used to investigate any
correlation Pearson coefficient greater than 0.7 (Lomabar et al., 2006). Statistical
differences were separated using α=0.05 and α=0.01, respectively.  Preliminary data was
analyzed in a completely randomized design (CRD).  Data was analyzed using PROC 
ANOVA (analysis of variance) and means were separated using LSD, with α=0.05 (SAS,
1989).
In order to determine the type of correlation between oxidation parameters, graphs
were made of each response versus another response.  Trend lines, equations, and R2 







       
    
     
  
   
   
   
  
  




      
CHAPTER IV
RESULTS AND DISCUSSION 
Preliminary Tests
The peroxide values (PV) for commercial soybean, peanut, and corn oils at 75ºC
are reported in Figures A.7-A.9. These results varied for the corn and soybean oil.  After
11 d at 75ºC, the corn oil had a high PV (>80 meq/kg), but did not smell rancid (data not
shown). It was in question if the 2-Thiobarbituric Acid Reactive Substance (TBARS) test
described by Sinhuber and Yu (1958) and Tarladgis et al. (1960) used to measue
rancidity in seafood oils, could measure the extent of oxidation in oils.  For this reason a 
preliminary experiment of TBARS was conducted on commercial soybean, corn, and
peanut oils by storage at 75ºC.
The results of the TBARS preliminary experiment at 75ºC are shown in Figures
A.10-A.12.  The results from the preliminary TBARS experiment were inconclusive.  It
was expected for the TBARS to increase with time, as lipids become more rancid.
However, these TBARS tests were performed on commercial oils which may contain a
high amount of antioxidants and other additives (Schober and Mittlebach 2004).  It was
concluded to use the TBARS method as described by Sinhuber and Yu (1958) and 
Tarladgis et al. (1960) for further TBARS testing on extracted oils, since no data has





    
    
 
   
 
     
  
   
    
  
   
    
     
    
   
     
 
 






that had been thermally abused (110±10ºC, >2 d) had not changed (p>0.05) in induction
point (IP) (data not shown). This can only be attributed to the possible presence of
additives in the commercial oils (Ephraim, 2000).
Rancimat® Air Flow Rate
The results of the air flow rate trial on the Rancimat® are shown in Figure A.13.
It was expected that the IP would decrease with air flow rate increase, since more volatile
compounds will be recovered in the same time frame.  However, as the graph shows there 
was  no specific trend with increased  flow rate.  Therefore subsequent IP tests were
conducted at 10 L/h air.  This flow rate was chosen because it is the one used in the 
European standard, EN 14112, for testing IP of oils and biodiesel (Lacoste and Lagardere,
2003).  The results of the temperature study on the catfish oil and crude soybean oil IP
are shown in Figure A.14.  In general, the data showed that IP decreased by half for every
10ºC increase in temperature.  Based on this finding, and the European standard, EN 
14112, for IP testing of oils and biodiesels (Lacoste and Lagardere, 2003), the 
temperature chosen for subsequent IP tests was 110ºC.
Analysis of Feedstocks
The soybeans used for extraction had a higher (10%) than average (8.5%) (USDA,
2006) moisture content, yet it was decided that drying (i.e. freeze drying) the soybeans
was not necessary.  The results of the proximate analysis and fatty acid profile of ground
catfish used for extraction and catfish oil received are reported in Tables A.1 and A.2,
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channel catfish fillets is 75.4, 15.6, 7.6, and less than one percent, respectively.  Silva 
(1986) reported that the average moisture, protein, fat, and ash content of frozen, dressed 
channel catfish is 69.5, 17, 12, and 1.9% respectively.  The catfish by-product contained 
lower moisture and higher ash (Table A.2), since this is a ground product with bone
particles in it, from the frames.  The moisture of the freeze dried catfish was near zero 
and the water activity was 0.07.  The average fatty acid profile of catfish oil extracted
using the Bligh and Dyer (1959) method from whole catfish viscera was reported as 1.2%
C14:0, 19.7% C16:0,  2.8% C16:1, 16.6% C18, 28.9% C18:1, 6.9% C18:2, 3.7% C18:3,
2.2% C20:1, 1.9% C20:2, 6.3% C20:4, and 8.9% C20:6 (Sathivel et al., 2003c).  These 
values are similar to those from the catfish used for extraction (Table A.1; Table A.2).
Extraction Yields
The overall extraction yield of soybean oil extracted with propane, hexane, and 
supercritical CO2 (SCCO2) was 16, 20, and 19%, respectively.  The USDA (2006) reports
the oil content of soybeans as 19.5%, and a typical soybean oil extraction yield is 14%
(Addison, 2006).  The overall extraction yield of catfish oil extracted with propane,
hexane, and SCCO2 was 20, 22, and 21%, respectively.  The dried catfish by-product had 
24.6% fat, on a dry basis (Table A.2).  Since it was not the scope of this project to 
optimize extraction yields, the operating parameters for extraction were not changed.
Sathivel et al. (2003b) reported that heating waste catfish viscera will denature the 
proteins and will aid in freeing lipid molecules, hence increasing the extraction yield.
However, this may lead to further oxidation and hydrolization of the lipids.  Sathivel et al.
(2003b) reported an average fat content of waste catfish viscera (which contains catfish
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liver, gallbladder, viscera storage fat, and the digestive tract) of 26.9% on a wet basis.
Silva (1986) reported that the average fat content of frozen dressed channel catfish is
39% (dry basis). Reported results are in close agreement to this research, since the 
feedstock used for extraction was a by-product of catfish processing.
Free Fatty Acids (FFA) 
The FFA for soybean and catfish oils extracted with propane, hexane, and SCCO2 
are reported in Table 1.  FFA of oil samples showed a significant (p<0.01) oil*extraction
interaction for all oils samples (Table 1).  All of the catfish oil samples had a higher
(p<0.05) FFA value than soybean oils, regardless of extraction method (Table 1).  For
soybean and catfish oils, SCCO2 extracted oil was higher (p<0.05) than both propane and 
hexane for each oil (Table 1).  Catfish oil extracted with was SCCO2 the highest (p<0.05)
FFA (Table 1).  All other samples had an acceptable amount of FFA (<5%).  Naz et al.
(2005) reported that the FFA of soybean oil would not exceed 0.4% even after 90 min of
frying (180ºC).  Typical commercial oils have less than one half percent FFA (Lawson,
1985).  Although all oils had a higher (p<0.05) FFA than this threshold, none of the oil
samples extracted were of commercial grade (Lawson, 1985). Silva (1986) reported that 
the FFA of oil extracted from raw, channel catfish fillets using refluxing petroleum ether
for six h, was 1.14% and that it did not exceed 3.47 % during 12 months of fish frozen
storage.  Ngussan (1992) reported 2.4% FFA of oil extracted from frozen channel catfish
using the Bligh and Dyer (1959) method; which uses chloroform and methanol at room
temperature.  Catfish oil extracted with SCCO2 had a cooked, or semi rancid smell.  This
was not noticed in the other catfish or the soybean oils.  Thompson et al. (1998) reported 
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Table 1. Free Fatty Acids (%) of Soybean and Catfish Oils that Were Extracted
Using Propane, Hexane, and Supercritical CO2. 
Propane Hexane Supercritical CO2 
Soybeans (whole) 1.56e 1.84d 3.51b 
Catfish (ground) 3.06c 3.55b 23.3a 
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that FFA can increase during the oxidation process because residual moisture in the 
sample can hydrolyze methyl esters.  A graph of the FFA as affected by extraction
method*oil type of soybean and catfish oils is shown in Figure A.15.
Fatty Acid Profile
The fatty acid profile of the soybeans used for extraction is reported in Table A.3.
The fatty acid profile of soybean and catfish oils and methyl esters extracted with
propane, hexane, and SCCO2 are shown in Tables 2 and A.4, respectively. The fatty acid
profile of catfish oil extracted with propane and SCCO2 had 1.2 and 1.4% C20:1 cis, 
respectively (Table 2); while catfish oil extracted with hexane was the only catfish oil
sample to have 1.1% C18:3 cis (linolenic acid) (Table 2).  Soybean oil extracted with
hexane had 1.3% C17 (heptanoic acid), which did not appear in any of the other soybean
oil samples (Table 2). Catfish oil extracted with propane had 1.2% C20:1 cis (cis-11-
eiconsonoic acid), which did not appear in any of the other catfish oil samples (Table 2).
The fatty acid composition of crude soybean oil is reported as approximately 11.1% C16,
4.5% C18:0, 22.8% C18:1 (cis), 54.5 % C18:2, and 7% C18:3 (Ferrari et al., 2005;
Knothe, 2002).  The overall yield of transesterification for soybean methyl esters
extracted with propane, hexane, and SCCO2 was 84.6, 78.4, and 67.9%, respectively
(data not shown).  Catfish fat is composed of 20-22% C16:0, 50-52% oleic C18:1 n9, and 
11-12% linolenic C18:2 n6 (Labuza, 1971; Worthington et al., 1972). These values are 
similar to the analysis of the catfish used for extraction in this study (Table A.2). The 
overall yield of transesterification for catfish methyl esters extracted with propane and  
hexane was 71 and 73%, respectively (data not shown).
 
  











Table 2. Fatty Acid Composition (%) of Soybean and Catfish Oils Extracted with
Propane, Hexane, and Supercritical CO2 (SCCO2). 
Oil/Extraction Method
 Soybean Catfish 
Fatty Acid Propane Hexane Propane Hexane SCCO2 
C11 0 0 0 0 0.35 
C14 0.12 0.11 1.15 1.11 1.31 
C15 0 0 0.12 0.11 0.14 
C16 11.54 11.55 18.92 19.14 19.69 
C17 0.12 0.12 0.21 0.24 0.27 
C18 4.3 4.4 4.56 4.9 4.59 
C20 0.33 0.33 0.13 0.17 0.12 
C22 0.33 0.34 0 0 0 
C23 0 0 0.5 0.54 0.57 
C24 0.08 0 0.17 0.14 0 
Total Saturated 16.82 16.85 25.76 26.35 27.04 
C16:1 0 0 3.01 2.86 3.15 
C17:1 0 0 0.1 0.09 0 
C18:1 n9 cis 22.42 23.02 50.16 49.63 48.35 
C18:2 n6 cis 53.79 53.48 16.59 15.77 17.98 
C18:3 n3 6.97 6.57 0.41 1.13 1.39 
C18:3 n6 0 0 0.38 0.36 0.41 
C20:1 cis 0 0 1.24 1.52 0 
C20:2 0 0 0.81 0.78 0.7 
C20:3 n3 cis 0 0 0.1 0.09 0 
C20:3 n6 cis 0 0 0.84 0.82 0.83 
C20:5 n3 cis 0 0.08 0.1 0.1 0.15 
C22:6 n3 cis 0 0 0.5 0.48 0 
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Measured Oxidation Parameters
Oxidation parameters measured (including PV, anisidine value (AnV), Total
Oxidation (TOTOX) TBARS, iodine value (IV), and IP) for soybean and catfish oil are 
reported in Table 3.  Extraction times and temperatures, and total heating used in this
study is reported in Table 4.  Oxidation parameters measured (including PV, AnV,
TOTOX, TBARS, IV, and IP) for soybean and catfish methyl esters are reported in Table 
A.5.
Peroxide, Anisidine, and Total Oxidation Values
The peroxide and anisidine values were measured immediately after the oils were
extracted. In order to prevent further oxidation, all samples were immediately frozen
(-10ºC), and kept in dark containers, after extractions.  It is well understood that
temperature will control the rate of oxidation, and as the temperature is increased, the rate
of oxidation will also increase (Silva, 1991; Monyem, 1998).  The PV of oil samples
showed a significant (p<0.01) oil*extraction interaction (Table 3).  Catfish oil samples
extracted with hexane and SCCO2 had higher (p<0.05) PV than soybean oil extracted 
with hexane (Table 3).  However, soybean oil extracted with propane had a higher
(p<0.05) PV than catfish oil extracted with propane (Table 3).  Catfish oil extracted with
SCCO2 had the highest (p<0.05) PV (Table 3).
Naz et al. (2005) reported that soybean oil exposed to air for 30 d, air and light for
30 d, 30 min of frying (180ºC), 60 min frying, and 90 min frying showed an increase in
PV from 2.5-4.5, 2.5-5.5, 2.5-5.8, 2.5-6.5, and 2.5-7 meq/kg, respectively. Based on




   
 










































































































































































































































































































































































































































































































Table 4. Total Heating Periods (Time*Temperature) of Propane, Hexane, and 
Supercritical CO2 (SCCO2) Extractions.
Extraction Total Heat, T*t
Method Time, t (min) Temperature, T (ºC) (ºC*min) 
Propane 10 25 250 
Hexane 10*+10+ 25*, 40+ 650 
SCCO2 30 40 1200 
* ___  Time and Temperature due to Hexane Extraction





   
   
  
 
   
   
  
   
     
   
      
   
  
    
 
  
   
     
   
  
38 
phase since the PV had not yet began to increase rapidly (Figure A.7).  Newly refined oil
should have a PV of less than one meq/kg (Warner and Eskin, 1995). All of the oil
samples were above this threshold (Table 3); however, the extracted oil samples were not
refined.  Naz et al. (2005) reported that soybean oil will deteriorate when exposed to air,
light, or a combination.  The higher (p<0.05) PV for catfish oil extracted with SCCO2 
could cause the sample to be partially oxidized immediately after extraction and might
explain the off odor that was present (data not shown).  This high PV can be explained
due to the increased time and temperature during extraction (Table 4).  A high
concentration of peroxide radicals can help form volatile compounds, which will give a
rancid odor (Sherwin, 1978).  A graph of the PV as affected by extraction method*oil
interaction is shown in Figure A.16.
The AnV showed a non significant (p>0.05) oil*extraction interaction for all oil
samples (Table 3). Soybean oils showed no difference (p>0.05) in AnV between hexane
and propane extractions (Table 3).  All catfish oils had higher (p<0.05) AnV than
soybean oils, regardless of extraction method (Table 3).  Samples extracted with SCCO2 
had a higher (p<0.05) AnV (Table 3), regardless of oil type and had begun to oxidize.
This can be explained by the higher temperature and time used during extraction (Table
4).  Graphs of AnV for soybean and catfish oils and methyl esters are reported in Figures
A.17-A.19.
Naz et al. (2005) reported that soybean oil will oxidize faster than both olive and 
corn oil when exposed to light and air.  They reported that soybean oil exposed to air for






   
    
   
   
  
 
        









     
 
    
   
39 
showed and increase in AnV from 0.1-0.2, 0.1-0.5, 0.1-3, 0.1-3.5, and 0.1-6 mmol/kg,
respectively.  Since all of the extraction procedures were at mild temperature (<40ºC) it
was expected that both the PV and AnV would increase as oxidation progressed.  Well
refined oils have an AnV between 1-10 mmol/kg (Henning, 1976).  Warner and Eskin
(1995) reported that the AnV of soybean salad oil did not increase after 10 d of storage at
60ºC, while the PV increased from 0.1 to 5.9 meq/kg.
TOTOX, AnV + 2*PV, is a good indicator of how much oxidation has occurred
in an oil (Osborn, 2004).  The TOTOX value is used to measure the precursor non-
volatile carbonyls present in processed oil plus any further oxidation compounds
developed during storage. The lower the TOTOX, the less oxidation that has occurred.
The TOTOX value showed a significant (p<0.05) oil*extraction interaction (Table 3).
Catfish oil extracted with hexane had a higher (p<0.05) TOTOX value than soybean oil
(Table 3).  This can be explained from the higher time and temperature during extraction
and recovering of hexane (Table 4).  A graph of the TOTOX values affected by
extraction method*oil type of extracted soybean and catfish oils is shown in Figure A.20.
2-Thiobarbituric Acid Reactive Substances, TBARS
Analysis of TBARS showed a significant (p<0.01) oil*extraction interaction for
all oil samples (Table 3).  All catfish oil samples had higher (p<0.05) TBARS than the 
soybean oils, for all extractions (Table 3). It can be seen, that in agreement with other
measurements (Table 3), catfish oil extracted with SCCO2 had the highest (p<0.05)
concentration of secondary oxidized products when compared to all other oil samples.
This is possibly explained by the higher time and temperature by SCCO2 extraction
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(Table 4).  Silva (1986) reported TBARS of catfish fat in fillets to be 0.68 mg
malonaldehyde/kg, and did not increase above 1.4 mg malonaldehyde/kg in fillets during 
12 months of frozen storage.  Ngussan (1992) reported TBARS of frozen channel catfish
to be 0.26 mg malonaldehyde/kg. Based on preliminary work it can be said the extracted 
soybean oil had low TBARS (Figure A.10).  Graphs of TBARS as affected by extraction
method*oil type of soybean and catfish oils and methyl esters are reported in Figures
A.21-A.22.
Iodine Value, IV
The IV showed a non significant (p>0.05) oil*extraction interaction for all oil
samples (Table 3). Samples extracted with SCCO2 had a lower (p<0.05) IV regardless of
oil type (Table 3) and therefore could be considered slightly oxidized.  This may be due 
to the high temperature and long extraction time (Table 4). The IV of neutralized, refined,
and waste frying soybean oil was reported as 129.5, 133.1, and 131.6 cg I2/g, respectively
(Ferrari et al., 2005), and the IV of soybean oil ranged 120-143 cg I2/g  with an average 
value of 130 cg I2/g (Knothe, 2002).  Graphs of IV of soybean and catfish oils and methyl
esters are reported in Figures A.23-A.24.  The IV for all of the catfish oils was lower than
those of soybean oils, regardless of extraction technique (Table 3). This was expected 
because catfish oil had more saturated fat than soybean oil (Table 2, A.3; Ferrari et al., 
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Induction Point, IP 
Before discussion of IP, it should be noted that the resulting conductivity graphs
from the Rancimat® for all of the catfish methyl esters as well as the catfish oil extracted 
with SCCO2, were parabolic in nature. This is totally unexpected as the conductivity
graphs should be hyperbolic (Brinkmann, 2006). The theory of the IP is for a samples
conductivity to remain constant, or slightly increase, and then rapidly increase after that
samples antioxidants (either natural or previously added) are depleted.  Accordingly, the 
numeric IP reported by the Rancimat® for these samples were discarded.  Instead, the 
conductivity values and resulting graphs were exported to Microsoft Excel®, graphs were
examined more carefully, and the IP was calculated as the intersection of the two tangent
lines (Brinkmann, 2006).  Correct graphs of all of the catfish oil methyl esters and catfish
oil extracted with SCCO2 are reported in Figures A.25-A.27, and Figure 5, respectively.
The IP showed a significant (p<0.01) oil*extraction interaction (Table 3) for all oil
samples.  The IP was highest (p<0.05) for soybean oil extracted with hexane (Table 3).
All of the catfish oils had a lower (p<0.05) IP than soybean oil for both propane and 
hexane extractions (Table 3). The lowest (p<0.05) IP was for catfish oil extracted with
SCCO2 (Table 3). It is possible that the elevated temperature and pressure for extended 
time broke down some of the double bonds by this extraction method, in agreement with
the TBARS, anisidine, and iodine values reported previously (Table 4).  Warner and 
Eskin (1995) reported the IP at 110ºC of extracted, expressed, and expelled partially
hydrogenated soybean oil to be 14.1, 11.2, and 11.9 h, respectively.  They added that the 
same samples IP was reduced to 0.2, 0, and 2 h, respectively, after six hours of stirring at























































































































































       
    
  
   
  
   
  
 
   
  
     





    
  
43 
180ºC.  Dunn (2005) reported that the IP measured according to AOCS Cd12b-92 (using
a Rancimat® or an equivalent machine) should be longer than four hours to insure
repeatability.  Bondioli et al. (2003) reported that an animal tallow sample with no
antioxidants showed a decrease in IP from 0.7 h to a non-detectable limit (at 110ºC and 
10L/hr) after two months storage in an open drum at room temperature (25ºC). Graphs of
IP as affected by extraction method*oil type of soybean and catfish oils and methyl esters
are shown in Figures A.28-A.29.
Correlations Between Measured Oxidation Parameters
Coefficients of determination (R2) and Pearson coefficients (R) measured in
Excel® and SAS®, respectively for all oxidation parameters are shown in Table 5 for
soybean and catfish oils, and Table A.6 for soybean and catfish methyl esters.  Graphs of
trend lines from Microsoft Excel® are shown in Figures A.30-A.34.  Using Excel, an
exponential relationship was found for catfish and soybean oils between IP and AnV
(R2=0.74) (Table 5).  Closer examination of this graph shows three highly oxidized 
values.  After these values were removed an R2= 0.94 was noticed (Table 5) and the 
equation relating AnV and IP was found to be: 
mmol )−0.5523Anv( ) = 3.6678 * IP(hr .kg 
A linear relationship (R2=0.83) was found between IP and IV, IP (hr) =8.2333*IP (hr) + 
84.709, for soybean and catfish oil samples (Table 5).  A power relationship (R2=0.87)
was found between TBARS and IP for soybean and catfish oils (Table 5).  The equation







































































































































































































































































































































































































































































































































































































































































   
   
  
  
   














mgmalonaldehyde )−0.5807TBARS ( ) = 2.2596 * IP(hr .kg 
Using PROC REG, for soybean and catfish oils, an equation found between FFA
and PV, FFA (%) =0.7466* PV (meq/kg), had a non significant (p>0.05) intercept term
(Table 5).  An equation between FFA and AnV, was found to be FFA (%) =1.39567
(p<0.01)*AnV (mmol/kg) with a non significant (p>0.05) intercept (Table 5).  An
equation was found between FFA and TBARS, FFA (%) = -1.2544 (p<0.05) *TBARS
(mg malonaldehyde/kg) +2.79396 (p<0.01).  The equation found between FFA and IP
was FFA (%) = -2.7303 (p<0.01)* IP (hr) +15.097 (p<0.01).  The equation between PV 
and TBARS was found to be PV (meq/kg) =2.837 (p<0.01)*TBARS (mg 
malonaldehyde/kg) +5.4628 (p<0.01).  An equation was found between PV and IP, PV 
(meq/kg) =-2.892 (p<0.01)* IP (hr) + 20.2972 (p<0.01).  An equation was found between
IP and IV to be IV (cg I2/g) = 0.10459 (p<0.01) *IP (hr)-8.4674 (p<0.01).  An equation
was found between TBARS and AnV, TBARS (mg malonaldehyde/kg) =0.49029 
(p<0.01)*AnV (mmol/kg) +0.38798 (p<0.05).  An equation was found between AnV and 
IP, AnV (mmol/kg) =-0.2775 (p<0.01) *IP (hr) +4.471 (p<0.01).  An equation was found 
between TBARS and IP, IP (hr) = -0.6026 (p<0.01) * TBARS (mg malonaldehyde/kg) + 
4.7947 (p<0.01).  An equation was found between IV and IP, IP (hr) =0.1045 




   
    
   
   
    
     




    
 
   
   
     
     
CHAPTER V 
SUMMARY AND CONCLUSIONS
 It was very difficult to correlate an oxidative test to commercial oils.  This may 
be attributed to the amount of antioxidants and other additives that are in commercial oils.
It was found that cleanliness when using the Rancimat® is the most important factor  in
achieving repeatable results.
The induction point (IP) was highest for soybean oil extracted with hexane.  The 
next highest was soybean oil extracted with propane.  All of the catfish oil samples had a 
lower IP, with the lowest being catfish oil extracted with supercritical CO2 (SCCO2). It
can be said that soybean oils and their methyl esters in this study were more oxidative
stable than catfish oils.
Based on all of the correlations from both SAS and Excel, IP can be correlated 
with free fatty acids (FFA), peroxide value (PV), anisidine value (AnV), total oxidation
(TOTOX), 2-thiobarbituric acid reactive substance (TBARS), and iodine value (IV).
Therefore, IP can be used as a reliable index of soybean and catfish oil oxidation.
Further research could be done using centrifuging to separate the oil phase from
catfish waste products. The proximate analysis and fatty acid profile of catfish fat waste 
is shown in Table A.4. Thirty min of centrifuging at 10,000 g-force yielded a 10.1%




   
     
   
    
     
 
    
  
    
  
    
 
   
    
   
     
 
   
  
 
    
47 
project was to evaluate solvent extraction methods, no further work was done with this
product. Sathivel et al. (2003b) extracted 25.8% oil, on a dry weight basis, from whole 
catfish viscera using water at 70ºC for 15 min followed by centrifugation.  Silva et al.
(2006) reported that zooplankton collected from catfish ponds in the summer had a 6.2%
fat content on a dry basis.  Further investigation could be done to extract the oils from
these microorganisms.
After extractions, oils could be processed by adding NaOH to saponify all FFA,
then removing the soaps through centrifugation (Lawson, 1985).  However, since the 
normal saponification temperatures are close to 100 º C and saponification at room
temperature is slow, this process may increase the oxidation of oil, or not be an efficient
way of removing FFA.
Further investigations could be done to realize the oxidation effect of lowering
time and temperatures of extraction techniques.  Although this would decrease extraction
yields , it could have a positive effect on oxidation.  A study could be done to evaluate
different temperatures and pressures for the supercritical CO2 extraction process.  Since 
pressure and temperature can be adjusted and still have the CO2 in the supercritical region,
this might have an effect on oxidation.
Further work could be done to realize the benefit and negative aspects of adding
natural and synthetic antioxidants to soybean and catfish oils and methyl esters.  Natural
antioxidants could include tocopherols (Vitamin E), while synthetic antioxidants could
include BHA (butylated hyroxy anisole), BHT (butylated hyroxy toluene), TBHQ (tert-
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Total Saturated 27.12 
C16:1 3.1 
C18:1 cis 52.66 
C18:2 cis 13.3 
C18:3 ω6 0.23 
C18:3 ω9 0.75 
C20:1 cis 1.48 
C20:2 0.63 
C20:3 ϖ8 0.51 
C20:4 0.22 
Total Unsaturated 72.88 
  
    
  
 








Table A.2. Protein, Moisture, Fat, Carbohydrates, Ash, and Fatty Acid Composition















Total Saturated 26.71 
C16:1 2.64 
C18:1 cis 50.9 
C18:2 cis 15.89 
C18:3 n6 0.92 
C20:1 cis 1.61 
C20:3 n8 0.69 
C20:4 0.61 
Total Unsaturated 73.26 
  








Table A.3 Fatty Acid Composition (%) of Soybeans used for Extractions Determined








Total Saturated 18.48 
C18:1 cis 24.45 
C18:2 cis 51.4 
C18:3 n9 5.5 
C20:1 cis 0.17 
Total Unsaturated 81.52 
  
      
 
 







Table A.4. Fatty Acid Profile (%) of Soybean and Catfish Methyl Esters Extracted
with Propane, Hexane, and Supercritical CO2. 
Methyl Esters/Extraction Method 
Fatty Acid Soybean Catfish
Propane Hexane Supercritical Propane Hexane 
C14 0 0 0.1 1.06 1.3 
C16 11.84 11.49 11.46 18.8 18.7 
C17 0.13 1.28 0 0.18 0 
C18 4.19 4.31 4.58 4.67 4.5 
C20 0.35 0.34 0.36 0.16 0.76 
C22 0.35 0.36 0.36 0 0 
C23 0 0 0 0.45 0.55 
C24 0.07 0.07 0 0.16 0.16 
Total Saturated 16.93 17.85 16.86 25.48 25.97 
C16:1 0 0 0 2.91 2.6 
C18:1 n9 cis 20.43 21.68 23.84 51.72 52.3 
C18:2 n6 cis 53.78 52.86 52.97 16.2 16.9 
C18:3 n3 8.86 7.61 6.19 0.37 0.52 
C20:1 cis 0 0 0 1.18 0 
C20:2 cis 0 0 0 0.82 0.85 
C20:3 n6 cis 0 0 0 0.82 0.82 
C20:5 n3 cis 0 0 0 0 0 
C22:6 n3 cis 0 0 0 0.5 0 
C24:1 0 0 0.13 0 0 
Total Unsaturated 83.07 82.15 83.13 74.52 73.99 
 
 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































    
 








Table A.7. Crude Protein, Moisture, Fat, Ash, Fiber, and Fatty Acid Composition (%)














Total Saturated 26.2 
C16:1 2.9 
C18:1 cis 50.57 
C18:2 cis 15.51 
C18:3 n6 0.3 
C18:3 n9 1.01 
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